ALEPH/OPAL data on the V -A spectral functions from hadronic τ decays are used in connection with a set of Laplace transform sum rules (LSR) for fixing the size of the QCD vacuum condensates up to dimension 18. Our results favour the ones from large-Nc QCD within the Minimal Hadronic Approximation (MHA) and show a violation of about a factor 2-5 of the vacuum saturation estimate of the dimension-six to -ten condensates. We scrutinize the different determinations of the QCD vacuum condensates using τ -decays data. After revisiting some of the existing results, we present coherent values of the condensates from different methods.
INTRODUCTION
Hadronic tau decays have been demonstrated [1] to be an efficient laboratory for testing perturbative and non-perturbative QCD. That is due both to the exceptional value of the tau mass situated at a frontier regime between perturbative and nonperturbative QCD and to the excellent quality of the ALEPH/OPAL [2, 3] data. On the other, it is also known before the advent of QCD, that the Weinberg [4] and DMO [5] sum rules are important tools for controlling the chiral and flavour symmetry realizations of QCD, which are broken by light quark mass terms to higher order [6] and by higher dimensions QCD condensates [7] within the SVZ expansion [8] 1 . For completing our program in the vector and V + A channel [10] [11] [12] [13] [14] , we probe, in this paper, the structure of the QCD vacuum using the ALEPH/OPAL data on the V -A spectral functions in connection with a set of Laplace sum rules (LSR). We have already initiated the analysis of the V − A channel in previous papers [15, 16] . However, our main motivation here is due to the recent interests on the V − A hadronic correlator, which can serve as an order parameter of spontaneous chiral symmetry breaking in the chiral limit m q = 0. This correlator also governs the dynamics of the weak matrix elements of the electroweak Penguin-like operators [17, 18] . These important properties require a detailed structure of the related QCD vacuum which can be parametrized by the sum of power corrections [8] . A large number of papers on the estimates of these power corrections using different methods exist in the literature, but with conflicting results in [2, 3, [19] [20] [21] [22] [23] and in [24] [25] [26] [27] [28] . In the following we propose a set of Laplace transform sum rules (LSR) which can help to clarify such discrepancies. We shall be concerned here with the V -A two-point correlator:
1 For a review, see e.g. [9] .
built from the left-and right-handed components of the local weak current:
Following SVZ [8] , the correlator can be approximated by:
where O 2d ≡ C 2d O 2d is the short hand-notation of the the QCD non-perturbative condensates O 2d of dimension D ≡ 2d and its associated perturbative Wilson coefficient C 2d ; q 2 ≡ −(Q 2 > 0) is the momentum transfer. In the chiral limit m u,d = 0, there is no D = 2 term as unflavored contribution of the renormalon-type [29, 10, 11] vanishes. The spectral function (v − a):
has been measured by ALEPH and OPAL [2, 3] using τ -decay data. Within a such normalization, the original "sacrosante" first and second Weinberg sum rules [4, 5] read, in the chiral limit m u,d = 0:
where f π | exp = (92.4±0.26) MeV is the experimental pion decay constant.
THE LAPLACE SUM RULES (LSR)
In order to exploit the ALEPH/OPAL [2, 3] data on the spectral function v−a from hadronic tau-decays, we shall work with the LSR version of the 1st Weinberg sum rule, in the chiral limit m u,d = 0:
from which on can obtain, by taking successive derivatives in τ , the set of LSR:
For our purpose, we shall truncate the series at 2d = 18-dimension condensates, assuming that this approximation provides a good description of the exact expression of the two-point correlator Π LR . Then, from our previous general formula, one can write the set of sum rules:
• Therefore, we can extract iteratively the vacuum condensates beginning from L 8 . The value of O 18 obtained in this way will be inserted into L 7 for determining O 16 and so on.
• The appropriate values of t c has been studied in [20, 15, 24] by requiring that the 1st and the 2nd Weinberg sum rules vanishes in the chiral limit to leading order of the OPE. Two solutions have been found:
In [15] the lowest value of t c has been favoured due to the inaccuracy of the ALEPH/OPAL data which affects the highest value, though intuitively, one tends to favour this highest value of t c where pQCD is expected to work better. Exluding the high-t c value solution, and requiring simultaneous zeros of the 1st and 2nd Weinberg sum rules, Ref. [15] deduces the accurate number:
This choice, as emphasized in [20] coïncides with the t c -value obtained for the MHA in the large N c -limit. Instead in [24] [25] [26] , the higher value of t c around 2.5 GeV 2 has been favoured.
• In order to avoid results which strongly depend on these choices, we consider only the above values of t c as a guideline of our analysis. Indeed, it is unlikely to take t c ≤ 1.4 GeV 2 as we will loose part of the ρ meson tails, and then most of the lowest ground state dynamics. Taking t c ≥ 2.6 GeV 2 , the kinematic region is small and the data become very inaccurate. Then, they cannot provide useful information to the spectral function. Indeed in this region, the spectral function does not have a definite sign, for a given data point, due to the large error bars.
• For an illustration, we show the analysis of O 18, 16 and O 6,4 in Fig. 1 for different choices of the t ccut until which we use the ALEPH/OPAL data, and beyond which the pQCD diagram is expected to describe the two-point correlator. The analysis of the other condensates present similar features.
• The optimal results given in Table 1 correspond to the one at the minimum or inflexion point of τ for different t c -values inside the range in Eq. (9).
• The error takes into account the one of the data and the systematics of the method due to the range of t c -values given in Eq. (9) and to the propagation of errors induced by the ones of the input condensates. We do not include some eventual statistical errors.
• It is important to notice from our analysis that in the range of t c given in Eq. (9), the extracted values of the condensates do not flip sign contrary to the case of FESR's results given in the existing literature. One can attribute this feature to the role of the exponential weight in LSR which enhances the contribution of the low-energy region to the sum rule.
• One can also notice that, for high-dimension condensates, the optimal values are obtained at large τ -values like also in the least square fit analysis of [22, 23] . However, we have checked that, during the analysis of each sum rule, the high-dimension condensates remain corrections to the low-dimension contributions and do not break the OPE. One can also notice that the position of the minimum shifts to lower values of τ for decreasing dimension condensates, as one can see from Fig. 1 from the D = 18 (13, 14) +14
+11.0 ± 1.0 −7.7 ± 0.8 OPAL [3] +7.5 ± 1.3 −6.0 ± 0.6 DGHS [21] +8. to the D = 4 condensates. These features are reassuring for the reliability of the result.
• In order to test the accuracy of our estimate, we have extracted from L 0 the known tiny value of the O 4 quark condensate contribution using as input all higher dimension condesates. Including radiative corrections, this contribution reads [8, 30] :
where (m u + m d ) ūu +dd = −2f 2 π m 2 π . The size of the radiative corrections is about 35% at the τ -scale where the optimal results are extracted. This gives in units of 10 −3 GeV D (D being the dimension of the condensates):
in excellent agreement with our fit ≈ −0.4 given in Table 1 from Fig. 1d ). This test increases the confidence on our other predictions given in Table 1 .
ALTERNATIVE ESTIMATES OF O 6 AND O 8
Using the previous method, we have obtained from Eq. (8) the results in Table 1 in units of 10 −3 GeV D (D being the dimension of the condensates). Here, we present alternative estimates based on some combinations of LSR in the chiral limit m u,d = 0.
• The first sum rule is chosen in such a way that O 8 disappears to leading order while higher dimensions D = 10, 12 have smaller coefficients than in the individual sum rules.
• In the second sum rule, O 6 disappears and then O 8 will dominate the LSR:
• The analysis of the two sum rules is given in Fig. 2 . After correcting these results by subtracting the known D = 4 quark condensate contribution given in Eq. (12), one obtains the results in Table 1 .
• Finally, we analyze the τ -like decay sum rule, which has the advantage to be kinematically suppressed near the real axis:
from which we deduce O 6 using as input O 4 and the higher dimension condensates.
• Our different results are summarize in Table 1 . 
COMPARISON WITH EXISTING ESTI-MATES a) Large-N c and Minimal Hadronic Approximation (MHA)
• Our results agree in signs and in magnitude until the D = 14-dimension condensates with the ones in [19] obtained using large N c and the minimal hadronic approximation (MHA) and with its improved version including the next radial vector meson ρ ′ .
• Our result for the D = 16 condensate still agrees in sign with the one in [19] but our absolute value is lower than the one in [19] by about 2σ.
b) ALEPH and OPAL estimates from τ -decay
Our results for the low D = 6, 8 condensates agree also quite well with the ALEPH/OPAL estimate of the separate V and A channels [2, 3] , [21] , from which one can deduce the V -A difference.
c) Exponential-like sum rules
• The value of the D = 6 condensate also agrees within the errors with the results in [22] , but the values of O 8,10 obtained in the present paper are about two times higher. However, our analysis differs from [22] who use a least square fitting procedure with some other forms of LSR with a different kernel. Due to the alternate sign of the condensate contributions to the OPE, the fitting procedure can be inaccurate as we shall see explicitly in a forthcoming example.
d) Finite Energy Sum Rules (FESR)
In [24] [25] [26] , FESR:
(n=0,1,2,3), and its slight variants have been used for determining O 6,8 . However, unlike the case of LSR analyzed in previous sections, the results depend crucially on the choice of t c at which one extracts the optimal results. The two sets of t c -values corresponding to the zeros of the 1st or/and 2nd Weinberg sum rules are given in In Eq. (9). The results from LSR are consistent with the ones corresponding to value of t c ≈ 1.5 GeV 2 , while instead in [24] [25] [26] , the higher value of t c ≈2.5 GeV 2 has been favoured. As a consequence, the value of O 8 and other higher dimension condensates obtained in these works are opposite in signs 6 with the ones from LSR and from MHA in large N c . Taking the value of t c in Eq. (10), we give the version of the FESR results of [24, 26] in Table  1 , where the slight difference is due to the different parametrizations of the τ -decay data (neural network in [26] ) and to the different weights introduced for improving the original FESR.
e) Weighted Finite Energy Sum Rules
This FESR-like sum rule called "pinched-weight FESR" (hereafter denoted wFESR) by the authors [27] is an involved variant of the FESR in Eq. (16):
where the weight factor ω n is:
for n = 2, 3, 4, 5, 6, and corresponds to the so called maximally safe analysis. The QCD expressions of these sum rules are given in Eq. (24) of Ref. [27] which we have checked the LO terms.
• In order to test the results, we study the t cdependence of J ω1 and J ω2 as shown in Figs. 3a) and 3b). We include into the analysis, the known effect of O 4 , which we have also recovered in the previous section. We obtain a t c -stability point around 2.1-2.2 GeV 2 , at which we extract the value in units of 10 −3 (neglecting the small radiative corrections for illustration): 
We insert into this expression the values in units of 10 −3 of O 6,8 fitted by [27] (mean value from ALEPH and OPAL fit):
which gives: • Alternatively, we can also solve the two equations J ω1 and J ω2 for extracting the two solutions O 6 and O 8 . We study the t c -dependence of the results in Figs. 3c) and 3d). We find at the stability point the results given in Table 1 with a good accuracy. We check again the consistency of the results by inserting these values into Eq. (19) , which gives: 
• It is clear from this test that the results obtained from a blind numerical fit can be misleading, especially when the terms in the series have alternate signs, and/or when the 2nd term is a small correction of the 1st one. This feature amends the results given in [27] . The new results from this method which we give in Table 1 using stability criteria, from solving the two equations J ω1 and J ω2 for extracting the two unknown O 6 and O 8 should be instead more correct and more reliable.
• Notice that in a large range of t c the two estimates of O 6 and O 8 do not flip sign, which, like in the case of LSR, can be due to the weight factor in the spectral integral. This is not the case of the basic FESR.
• In principle, once one knows O 6 and O 8 , one can extract the other high-dimension condensates from the set of equations given in Eq. (24) of [27] . O 10 to O 16 can be, e.g., extracted from J ω3 to J ω10 . However, more we go to higher moments, less the accuracy on the estimate is reached as the high-dimension terms which one wishes to extract are tiny corrections to the leading order terms, while the method is not accurate enough to pick up these tiny corrections. For instance at t c ≈ 2 GeV 2 , the QCD parts of the sum rules normalized to the leading O 6 contributions read:
The corrections are a factor 2 smaller for J ω9 and J ω10 . This fact may explain why relatively large cen- [24, 26] . We have excluded the high-t c solution similarly to the FESR case, and we deduce the values in Table 1 .
f ) Test of the factorization assumption
The D = 6 condensate contributions to Π LR have been first derived in [7] using the leading order result of [8] for the vector and axial-vector correlators. The radiative corrections have been obtained in [31, 32] .
Using an anti-commuting γ 5 matrix and the choice of operator basis in [32] , it reads by assuming a factorisation of the four-quark condensates:
The D = 8 four-quark condensate contributions have been obtained in [33] where a 1/N 2 c ambiguity has been noticed. The D = 10 condensates have been obtained in [22] . Assuming factorization, one can write:
where M 2 0 is the scale gouverning the mixed condensate and is equal to (0.8 ± 0.2) GeV 2 from the baryon sum rules [34, 35] , B-B * mass-splitting [36] and string model [37] . We shall use the value of the gluon condensate α s G 2 = (0.07 ± 0.01) GeV 4 from e + e − data [12, 38] . Within the factorization assumption, we shall include the log-dependence of the quark condensate and of α s , which give: 
Comparing these values with the ones in Table 1 and section 3, we conclude that the factorization assumption agrees in sign with these results but underestimate the absolute value of the condensates by a factor 2-5. This feature is similar to the case of the vector [14, 40, 12] , axial-vector [41, 11] , baryon [35] sum rules and from the analysis of the V and V + A τdecay data [2, 3, 11] . From the theoretical point of view, the factorization assumption is only consistent with the renormalization of operators to leading order in 1/N c due to mixing of different operators having the same dimensions [42] .
CONCLUSIONS
• We have used the V -A component of the hadronic tau decays data for exploring the vacuum structure of the Π LR QCD correlator using a set of Laplace sum rules (LSR). We have also revisited different estimates based on FESR and its variant in section 4.
Our results are summarized in Table 1 .
• Contrary to most papers in the literature, we do not perform a least square fitting procedure for extracting simultaneously different condensates. Due to the alternate signs of the condensate contributions in the OPE and to the fact that in most methods, the high-dimension condensate contributions are corrections to the lowest dimension condensates in the analysis, the approaches can become inaccurate.
• Instead, our strategy is to look for sum rules which disantangle, from the beginning, the relevant condensates, and then makes the analysis cleaner and more transparent.
• We have given a first estimate of the size of the D = 18 condensates, which will be interesting to check using alternative methods. The LSR estimate, which we expect to be more appropriate for extracting higher dimension condensates than wFESR and FESR, shows that the size of the very high D = 16 and D = 18 condensates are relatively small which may indicate the good convergence of the OPE even at large τ -values.
• During the analysis, as one can see in previous figures, the absolute values of the condensates are affected by τ and t c outside the optimum region (minimum or inflexion point). However, except for D = 4, it is important to notice that the results from LSR do not flip sign, which is a great advantage compared to the ones from some Finite Energy like-Sum Rules discussed in the literature.
• The extension of the present analysis to some other channels are feasible though not straightforward. This is due to the relative importance of the continuum pQCD contribution for higher moments in some other channels, which is not the case of V -A, where this effect exactly cancels at higher energies. We plan to come back to these different channels in a future publication.
